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Abstract 
Calcium alginate membrane has great potential for membrane separation technology. The polymer frameworks of the 
membrane were successfully regulated by the mass fraction of homopolymeric blocks of Į-L-guluronic acid (FGG) in 
the entire molecular chain of alginate and the additive CaCl2 as a cross-linker. The mechanical strength can be 
controlled by regulated the FGG and CaCl2 concentration. Selected mass transfer of saccharides (Glucose,G, 180 Da; 
Maltose,M, 324 Da; Raffinose,R, 504 Da) was achieved. The mass transfer flux of saccharides was strongly changed 
and inversely proportional to the 4.4th power of molecular volume. The mass transfer flux of saccharides was 
inversely proportional to the 2nd power of FGG at prepared 1 M CaCl2. The mass transfer flux of urea (60 Da) was 
clearly decreased with increasing CaCl2 concentration. Especially, in higher FGG range, effect of CaCl2 concentration 
remarkably appeared on its effective diffusion coefficient (Deff). The volumetric water fraction with calcium 
concentration was very slight, regardless of FGG. The tortuosity increased linearly with increasing additive CaCl2
concentration. In higher CaCl2 concentration, the effect of FGG on the tortuosity remarkably appeared. Obtained 
empirical equation was anticipated as a guideline to estimate the effective diffusion coefficient of the alginate 
membrane. High permeability was performed by low FGG (0.18) membrane performed high permeability than high 
FGG (0.56) membrane. The water permeation mechanism was obeyed by Hagen-Poiseuille flow regardless of FGG. 
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1. Introduction 
Recent years, the membranes from biological polymer are anticipated for biocompatible materials for 
practical application in separation technology. Biological polymers produced from bioresources are 
expected as environmental friendly polymers. They have great potential as alternatives to various 
artificial polymers produced from petroleum.  
The application of a membrane separation in food industry, medical devices and water treatment has 
attracted in attention of biochemical engineering. Membrane separation processes reduced effectively 
energy cost and CO2 production. In addition, interest in using natural materials has increased due to their 
biocompatibility and their lack of environment load upon disposal. Biopolymer membranes made by 
cellulose, [1-2], gelatin [3] and chitosan [4] were anticipated for use in biocompatible separation 
processing.  
Alginate is abundantly produced by marine biological resources, especially brown seaweed. It has been 
conventionally applied in the food industry and the industrial applications as thickeners, suspending 
agents, emulsion stabilizers, gelling agents, and film-forming agents [5]. Sodium alginate is well known 
as a typical hydrophilic polysaccharide. It consists of a linear copolymer composed of two monomeric 
units, 1,4-linked ȕ-D-mannuronic acid (Fig.1a) and Į-L-guluronic acid (Fig.1b), in varying proportions 
(Fig.1c). Alginate molecular chain was constructed by three type polymeric blocks. They have been 
described previously: homopolymeric blocks of mannuronic acid (M-M block), guluronic acid (G-G 
block), and blocks with an alternating sequence in varying proportions (M-G block) [6].  
The physical properties of sodium alginate are very susceptible to physicochemical factors (pH, total 
ionic strength, etc.). At near-neutral pH, the high negative charge of sodium alginates due to deprotonated 
carboxylic functional groups induces repulsive inter- and intra-molecular electrostatic forces. Sodium 
alginate rapidly formed into a gel structure by the presence of divalent cations such as Ca2+, resulting in a 
highly compacted gel network [7]. The basic ability for gelling properties of alginate is its specific ion 
binding characteristics [8]. Regions of G-G blocks chelate the alkaline earth metal ions because of the 
spatial arrangement of the ring and hydroxyl oxygen atoms and thus create a much stronger interaction 
[9]. These G-G block zones are mainly constructed of a cross-linked area called an “Egg-box,” where the 
Ca2+ ions are located as the “Egg” components (Fig. 2) [10]. 
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Fig. 1. Alginate composition. (a) ȕ-D-mannuronic acid. (b) Į-L-guluronic acid. (c) Structural formula of sodium alginate molecule. 
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Fig. 2. Gelation of homopolymeric blocks of Į-L-guluronic acid junction with calcium ions. Binding of divalent cations by alginate 
- the “Egg-box” model [10] 
Spherical gel particles of calcium alginate often investigated and applied as a carrier of immobilized 
enzyme [11], a drug delivery capsule [12] a carrier of entrapped living cell [13] and a food supplement 
[14]. In contrast, formation of alginate membrane has been less investigated. Authors previously reported 
the superior molecular size screening ability of calcium alginate and the dominant impact of G-G block 
on regulation of the mass transfer character [15-17]. 
This paper describes the cooperative effect of G-G blocks and cross-linking electrolyte as impact 
factors to regulate properties of calcium alginate membrane. In this study, the mechanical strength, the 
mass transfer characteristics, the void fraction and water permeability were investigated. 
Nomenclature 
A Area of membrane [m2]. 
Cfi           Initial concentration in the feed solution [M]. 
Cs           Concentration in the stripping solution [M] 
D            Diffusion coefficient in a bulk aqueous phase estimated from Wilke-Chang Equation [m2 s-1] 
 Deff        Effective diffusion coefficient [m2 s-1]. 
 FG         Mass fraction of Į-L-guluronic acid in sodium alginate determined by Eq. (1) [-]. 
FGG        Mass fraction of G-G block in sodium alginate determined by Eq. (2) [-] 
HM         Mass-based water content at swollen membrane [-], defined by Eq. (6). 
HV         Volumetric water fraction at swollen membrane [-], defined by Eq. (7). 
JV          Volumetric water flux [ m3water m-2memb. s-1]  
KOL        Overall mass transfer coefficient [m s-1].  
KOL-1      Overall mass transfer resistance [(m s-1)-1]. 
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km          Membrane mass transfer coefficient [m s-1]. 
kL1         Film mass transfer coefficient in the feed phase [m s-1]. 
kL2         Film mass transfer coefficient in the stripping phase [m s-1]. 
l            Membrane thickness in the initial state [m]. 
P           Partial mass fraction of Į-L-guluronic acid in M-G block [-]. 
Ӡ POperational pressure [kPa]. 
t            Time [s]. 
V           Volume of aqueous solution in the transfer cell [m3]. 
Vp          Permeated volume of pure water [m3] 
WGG      Mass of G-G block in sodium alginate [kg]. 
WMG      Mass of M-G block in sodium alginate [kg]. 
WMM     Mass of M-M block in sodium alginate [kg]. 
we         Initial mass of the swollen membrane [kg].
wd         Mass of dried membrane [kg]. 
wt          Mass of total contained water [kg]. 
İ           Void fraction of membrane [-]. 
ȡM         Density of the swollen membrane [kg m-3]. 
ȡW         Density of pure water [kg m-3]. 
Ĳ           Tortuosity of the membrane [-], defined by Eq. (11). 
2. Materials and Methods 
2.1. Materials 
Two kind of sodium alginate (grade I-2G and I-2M) were supplied by KIMICA Corporation (Tokyo, 
Japan). Code I-2G indicates that the major component of the polymer chain was Į-L-guluronic acid, 
while Code I-2M indicates that the major component was ȕ-D-mannuronic acid. Calcium chloride 
(Anhydrous, 95.0%), urea (60.06 Da), D(+)-glucose (180.16 Da), D(+)-Maltose Monohydrate (360.31 
Da), D(+)-Raffinose Pentahydrate and Urea NB from Wako Pure Chemical Industries, Ltd. (Osaka, 
Japan).  
2.2. Measurement of the mass fraction of three block in sodium alginate 
The mass of Į-L-guluronic acid in the actual alginate chain was determined by partial hydrolysis 
combined with Bitter-Muir’s carbazole sulfuric acid method. Partial hydrolysis protocols were employed 
according to a previously published method [17-18].  
Sodium alginate (0.5 g) was dissolved in 0.3 M HCl (50 mL). The resulting solution was heated in a 
hot air drying machine (373 K) for 2 h to advance the reaction of partial hydrolysis. The partial hydrolysis 
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solution was then centrifuged (3000 min-1, 15 min), and a sample solution of the M-G block was obtained 
as the supernatant. The precipitate was mixed with pure water (10 mL), and 3 M NaOH was added to aid 
dissolution. The concentration was then adjusted to 1% by the addition of pure water, and NaCl was 
introduced to achieve a 0.1 M concentration of sodium alginate. The solution was adjusted to pH 2.9 
using 2.5 M HCl and then centrifuged (3000 min-1, 15 min). The sample solution of the M-M block was 
obtained as the supernatant. After filtration, the precipitate was mixed with pure water (10 mL) and 
dissolved by addition of 3 M NaOH, yielding the sample solution of the G-G block. All three sample 
solutions (M-G, M-M, and G-G) were thus obtained. Their concentrations were determined by Bitter-
Muir’s carbazole sulfuric acid method using an optical density of 530 nm (UV-1200, Shimadzu, Kyoto, 
Japan) [19]. Calibration curve of mannuronic acid lactone was obtained and used as the standard 
component of uronic acid. These methods produced good intensity and accuracy of coloration [18] 
2.3. Definition of the mass fraction of G-G block 
The mass of the M-G block in the sodium alginate (WMG) was obtained from the concentration of the 
sample solution of the M-G block. The mass of the M-M block (WMM) and the G-G block (WGG) in the 
sodium alginate were obtained in the same way. The mass fraction of Į-L-guluronic acid in the sodium 
alginate (FG) was then calculated using following formula: 
MMMGGG
MGGG
G WWW
PWWF
++
×+
=
                                                                                                                          (1)
Where, P is the partial mass fraction of Į-L-guluronic acid in the M-G block. The polymeric structure of 
the calcium alginate gels was mainly constructed by intermolecular ionic bonds in the homopolymeric 
blocks of the Į-L-guluronic junction zone in combination with Ca2+ [9, 10]. Therefore, for this study, it is 
assumed that P is negligible (P = 0) (Eq. 2). Thus, Eq. (1) is rearranged as follows. 
MMMGGG
GG
GG WWW
WF
++
=
                                                                                                                        (2)
The mass fraction of the homopolymeric blocks of Į-L-guluronic acid (FGG) was therefore shown to be a 
key factor in regulating membrane properties. 
2.4. Preparation of calcium alginate membrane 
The viscosity range of sodium alginate was adjusted by employing two kind of alginate, I-2G and I-2M. 
Twenty grams of sodium alginate solution (10 g/L) was placed in a 7cm-diameter Petri dish. The solution 
was gradually dried in a desiccator at room temperature (298 K) for one week. A dried thin film of 
sodium alginate appeared on the Petri dish. Next, calcium chloride aqueous solution was added to the 
dried thin film of sodium alginate in the Petri dish. A calcium alginate membrane quickly formed in the 
Petri dish at room temperature. After 20 min, the swollen membrane was separated from the Petri dish 
and then left in the Petri dish for a further 20min. The membrane was immersed for a total of 40 min in 
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the calcium chloride aqueous solution. The formed calcium alginate membrane was then soaked in pure 
water to remove excess calcium chloride aqueous solution, then stored in pure water. 
2.5. Mass transfer flux 
The overall mass transfer coefficient KOL was determined by measuring the mass transfer flux based on 
Eqs. (3) and (4). The membrane was sandwiched between twin glass mass transfer cells, and the set was 
placed in a thermostatic bath (303 K). 
tK
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C
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fi
s 221ln −=¸¸¹
·
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−                                           (3) 
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Both aqueous phases were sufficiently stirred to create a fully developed turbulent flow. Film mass 
transfer resistances kL1-1 and kL2-1 in the overall mass transfer resistance KOL-1 were ignored under fully 
turbulent conditions. In this case, KOL did not depend on the stirring rate. Therefore, it directly indicated 
the membrane mass transfer coefficient km (km = Deff࡮l-1). The effective diffusion coefficient in the 
membrane (Deff) was evaluated from km. The initial membrane thickness l was measured with a 
micrometer (Mitutoyo Corporation, Kanagawa, Japan). The concentration of urea (glucose) was 
determined by the urease-indophenol method (Urea NB, Wako). The concentration of urea in the 
stripping solution was determined by a spectrophotometer (UV Mini 1240, Shimadzu). The absorbance of 
the colored urea and glucose employed were determined by a spectrophotometer (urea 570 nm). The 
concentrations of Glucose, Maltose and Raffinose were analyzed by using high performance liquid 
chromatography (HPLC) equipped with a SUGAR SP0810 column (SHOWA DENKO K. K., Tokyo, 
Japan) at 353 K, flow rate is 0.5mL min-1. 
2.6. Volumetric water fraction of the swollen membrane 
The volumetric water fraction of the swollen membrane was not measured directly. Instead, in this 
study, the volumetric water fraction was evaluated from the mass-based water content (HM). Gravimetric 
methods were employed to determine the mass-based water content of the swollen membrane (HM). The 
swollen membranes had already achieved equilibrium water content. Excess water attached to the 
membrane surface was removed using filter paper. The masses of the swollen samples (we) were 
measured initially, then, after drying (333 K for 24 h), the masses of the dried membranes (wd) were 
measured again. The difference between we and wd indicates the mass of total contained water (wt): 
det www −=                                                                                                                                          (5)
The mass-based water content of the swollen membrane (HM) was then calculated using the following 
equation: 
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The obtained volume of the contained water was wt/ȡW. The experimental data of the apparent volume of 
the swollen membrane was obtained as we/ȡM. The apparent density of the swollen membrane ȡM was 
determined from the mass of the swollen membrane we divided by the apparent volume of the swollen 
membrane. The apparent swollen membrane volume was calculated from the membrane area (square with 
4 cm sides) and its thickness. The estimated volumetric water fraction of the swollen membrane (HV) was 
calculated using Eq. (7). 
)/(
)/(᧹
Me
wt
V ȡw
ȡwH                                                                                                                                           (7) 
2.7. Water permeability
The water permeability of the calcium alginate membrane was determined from the water mass flux 
throughput using an ultra-filtration apparatus (UHP-62K, Advantec, Tokyo). The initial volume of feed 
solution was a constant 200ml. The operational pressure was adjusted by introducing nitrogen gas at room 
temperature (298K). The mass of permeated water throughput was accurately measured based on the 
indication of an electric balance and converted to volumetric water flux by recalculation using the density 
of the permeated water. Volumetric water flux (JV) was calculated according to the equation: 
tA
V
J pV =                                                                                                                                                      (8)
Where, Vp is the permeated volume [m3], A is the membrane area [m2] and t is the permeate time [s]. The 
water permeability was evaluated that JV was divided by unit membrane thickness, defined as (JV l-1) [20]. 
3. Results and Discussion 
3.1. Mechanical strength and elastic characteristics
Figure 3 shows the effect of additive CaCl2 concentration on the maximum stress at membrane rupture. 
The maximum stress linearly increased with increasing CaCl2 concentration. In higher FGG membrane 
(0.56), it remarkably increased from 0.5 M to 1.0 M. 
Figure 4 depicts the effect of additive CaCl2 concentration on the maximum strain at membrane rupture. 
The maximum strain gradually decreased with increasing CaCl2 concentration. Low FGG membrane kept 
good elasticity. The maximum strain of high FGG membrane was decreased on a parallel with low FGG
membrane. 
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Fig. 3, The effect of additive CaCl2 concentration on the maximum stress at membrane rupture 
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Fig. 4. The effect of additive CaCl2 concentration on the maximum strain at membrane rupture 
3.2. Mass transfer flux 
Calcium alginate membrane performed superior molecular size screening capability [17]. Selected 
mass transfer of saccharides (Glucose,G, 180 Da; Maltose,M, 324 Da; Raffinose,R, 504 Da) was achieved. 
The mass transfer flux of saccharides was strongly changed and inversely proportional to the 4.4th power 
of molecular volume (Fig. 5). The diffusion coefficient in bulk aqueous phase was inversely proportional 
to the 0.6th power of molecular volume [21].  
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In contrast, dependence of the effective diffusion coefficient on molecular volume was almost same 
with respect to change of mass fraction of guluronic acid chain FGG. The effective diffusion coefficient 
was shifted parallel. Dependence of the mass transfer flux on molecular volume was almost same with 
respect to change of FGG. The mass transfer flux of saccharides was inversely proportional to the 2nd
power of FGG.  
Urea was examined as a typical smaller molecule (60Da, molecular diameter almost 6Έ). The mass 
transfer flux of urea was clearly decreased with increasing concentration of Ca2+. Especially, in higher 
concentration of Ca2+ range, the effect of FGG remarkably appeared on its effective diffusion coefficient 
(Deff) (Fig. 6). 
D
eff
[m
2
s-
1 ]
Additive CaCl2 concentration [M]
0.18
0.56
10-10
FGG [-]
ǌ
10-9
10-12
10-11
10110-1 10010-2
Fig. 6.  Effect of calcium chloride concentration on the effective diffusion coefficient of urea
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Fig. 7. Effect of concentration of calcium chloride on volumetric water fraction of calcium alginate membrane 
3.3. Volumetric water fraction of the swollen membrane 
The volumetric water fraction (HV) of the swollen membrane decreased with increasing FGG, as shown 
in Fig. 7. The volumetric water fraction with calcium concentration was very slight, regardless of FGG. 
Therefore, the strongly change of the effective diffusion coefficient was mainly induced by tortuosity 
change.  
3.4. Tortuosity in the membrane 
The effective diffusion coefficient in the membrane can be presented by the following equation.  
τ
εDD
eff =
                                                                                                                                                  (9) 
Where, Ĳ is tortuosity, İ is the void fraction of the membrane. The membrane tortuosity (Ĳ) reflects the 
length of the average pore compared to the membrane thickness [22]. The volumetric water fraction of a
membrane (HV) can be regarded as an indicator of the void fraction (İ) of membrane the structure [23]. In 
this work, the void fraction was assumed to be the volumetric water fraction of the swollen membrane 
(HV). Eq. (9) was therefore rearranged as follows: 
τ
V
eff
HDD =                                                                                                                                              (10) 
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Deff and HV were determined independently from our experiments. Therefore, tortuosity (Ĳ) was estimated 
from Eq. (11). 
eff
V
D
HD
=τ                                                                                                                                                  (11) 
The change of tortuosity with FGG of urea is presented in Fig. 8. The tortuosity increased linearly with 
increasing additive CaCl2 concentration. In higher CaCl2 concentration, the effect of FGG on the tortuosity 
remarkably appeared. The tortuosity increased from 16 to 32 with increasing FGG, which changed from 
0.18 to 0.56. This trend indicated that the mass fraction of Į-L-guluronic acid was the dominant factor our 
regulating of the tortuosity. 
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Fig. 8. Effect of calcium chloride concentration on the tortuosity of urea in the calcium alginate membrane
The ratio of Deff / D of urea can be expressed by the additive CaCl2 concentration and FGG following 
empirical equation.  
0.450.0480.096 −+−== LGGL
eff CFCĲ
İ
D
D
            (Urea, 0.2M < CL < 0.75M)                          (12)
Where, CL is additive CaCl2 concentration. The calculated Deff / D value and the measured value were 
illustrated on Fig. 9. The calculated Deff / D was indicated by the solid line. It agreed well with measured 
value of Deff / D. This equation was anticipated as a guideline to estimate the effective diffusion 
coefficient of the alginate membrane. Eq. (12) indicated that CL strongly affected Deff more than FGG. In 
additon, effect of FGG was enhanced CL. Calcium ion mainly governed progressing the cross-linked 
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construction. That is clue to design of alginate gel structure involving mass transfer. However, diffusion 
of other larger molecule should be tested in future. 
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Fig. 9. Effect of calcium chloride concentration on Deff / D of urea 
3.5. Water permeability 
The membrane was entirely hydrophilic.  Figure 10 depicts the relationship between the volumetric 
water flux and the operational pressure Ӡ P on the calcium alginate membrane at 1M CaCl2. The water 
permeated throughout the membrane due to pressure, the main driving force. The water permeation flux 
increased almost linearly with increasing operational pressure. It suggested that the water permeation 
mechanism was obeyed by Hagen-Poiseuille flow. Low FGG (0.18) membrane performed higher 
permeability than FGG 0.56 membrane. The water permeation flux was remarkably decreased by the 
addition of calcium chloride due to progressive cross-linking of the molecular frameworks resulting from 
the higher calcium concentration. 
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Fig. 10. Water permeability of calcium alginate membrane (CaCl2 1M) prepared from different FGG by applying different pressures 
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4. Conclusions 
The mass fraction of homopolymeric blocks of Į-L-guluronic acid (FGG) in the entire molecular chain 
of alginate and the additive CaCl2 as a cross-linker were impact factors to regulate the mechanical 
strength, the mass transfer characteristics, the water fraction and the water permeability of stable alginate 
membrane. The calcium alginate membrane achieved selective mass transfer of saccharides (Glucose, 180 
Da; Maltose, 324 Da; Raffinose, 504 Da). Even if the permeation of very low molecular weight 
component (urea, 60Da), the mass transfer flux was evidently changed by the mass fraction of Į-L-
guluronic acid (FGG) and additive CaCl2. Increasing of FGG induced more and more complex structure of 
mass transfer channel in alginate membrane. Promising capability of selective mass transfer on alginate 
gel structure was dominantly regulated by homopolymeric blocks of the Į-L-guluronic acid (G-G block) 
and Ca2+.  
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